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ABSTRACT 

The effect of capillary dimensions on the die swell o f 
molten polymers is investigated. Low and high density polyethy­
lene, polypropylene, polystyrene are used to make investigation 
It is found the die s well decreases vii th L/D. The plot of die 
swell index (d/D) vs. L/D has the shape of anexponential decay 
curve. 

Bagley's decaying equation is used to fit the data. 
The effect of Deborah number on die swell phenomenon is al so 
studied. 'I'he relationship between the recoverable shear strains 
of infinitely long capillary and the one with dimensions r atio 
L/D is obtained. This relationship could be used to estima te 
the die swell of short capillary from its value at equilibrium 
and polymer characteristics. 
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I INTRODUCTION 

It is generally observed that when a molten polymer is forced 

from a reservoir, through a capillary, the extrudate diameter is 

not equal to the capillary diameter. (Figure 1.1). This phenomenon 

is known as "die swell", alternatively termed "memory", "puff up", 

or "Barus effect". This effect is usually described experimentally 

in. terms of the swelling ratio (d/D) which is the ratio of extrudate 

diameter over the die diameter. The reasons for increased interest 

in this behaviour are numerous ranging from the desire to define 

the viscoelastic response of polymeric systems to the need to obtain 

direct relations between die swell and such polymer processing 

characteristics as swell in bottle blowinf, thickness in extruded 

wire and cable insulation "neck-in" in sheet extrusion, etc. 

In spite of the importance of extrusion in polymer processing, 

there has not been much progress in relating die swell to the 

structure of the polymer. 

It should be remembered that even non-elastic fluids will 

emerge from a capillary with a diameter different from that of 

the tube itself. Experiments indicated that for such non-elastic 

liquids at low Reynold's number, the emer g ent stream will exhibit 

a die swell ( d/D) of about-· 1.10. For high Reynold's number flow, 

the emergent stream contracts giving a value (d/D) of about 0.87. 

There is a smooth transition between the two extreme limits, however, 

this effect is small compared to the large die swell observed 

with viscoelastic polymer melts. 

Much effort has been devoted to find the expressions for 

polymer swell from a long capillary, assuming the capillary long 

enough, such that the effect of capillary length is excluded. 
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However, it has been observed that die swell greatly depends on 

the capillary dimensions. It is found that the swelling ratio 

decays exponentially with L/D (Figure 1.2). Although some 

work has been done to investigate the phenomenon, the explanation 

still remains unclear. The objectives of this project are: 

1) To investigate the effect of capillary length on 

die swell for some types of commercial polymers low and high 

density polyethylene, polypropylene, polystyrene. 

2) To examine the effects of extrusion variables, shear 

stress, shear rate, temperature, etc. on die swell phenomenon. 
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II LITE RATURE SURVEY 


2.1 Experimental Observations 

bottle blowing of thermoplastic materials. Wechsler and Bayliss 

With the rapid growth of the polymer processing industry, 

the importance o f die swell becomes evident. One area in which 

die swell investigations have proven useful is in the field of 

. ( 3 6) 

investigated the effect of die swell in this flow molding process. 

In extendinR this work, Beynon and Glyde(?)studi~d . (d/D) as a function 

of shear rate and found that(d/D)increased with shear rate up to the 

critical rate at which certain flow defects appeared. At this point 

(d/D) went through a maximum an d then decreased. One problem in 

determining (d/D) at high output rate arises because extrudate 

dist ortion makes it difficult or imoossible to measure extrudate 

diameter, but experimentally the distortion can be minimized by usin g 

(7) 	 (13)
tapered dies. Beynon and Glyde agreed with Dillon and Johnston 

that the swell did decrease with increasing temperature, but the 

maximum attainable swell also increased with temperature. 

The importance of die swell as a variable in the extrusion 

37
blowin g o~ polyethylene bottles is also discussed by Wilson< ) who 

n o ted that die swell tends to increase the diameter and depends 

o n 	 the extrusion rate, die design~ and polymer composition. 

d ' B an d L · (lO)d.iscusse t h e importance o f d'ie ~we 11 inurgess ewis 

die design, and noted that the actual amount of swell depended on 

the melt index of the polymer, the temperature and rate of extrusion, 

and die length, agreeing with others that the higher the temperature 

and the longer the · die land the lower the swell, and the higher 
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the molecular weight the higher the swell. Act ua lly, both melt 

index and die swell are complex functions of molecular weight, 

. molecular wei g ht distribution and branching. Thus a correlation 

between die swell and melt index may, in fact, be misleadin g . In 

the case of certain polymers, the generalizations given above may 

not be valid. In polyvinylchloride the degree of swell decreases 

. hwit . .increasing 1 1mo ecu ar . hwei g t at a .given hs ear <2 9 )rate . 

In the pass years, several fundamental investi g ations were 

made and these are described briefly below. Accordin g to Goren, 

Middleman , and Gavi~ 16 )swelling of jets of viscoelastic fluid 

might be due to relaxation of axial stresses. 

Sieglaf~ 2 9 )measured and correlated the effect of die geometr y 

and polymer molecular weight on the post-extrusion of Polyvinyl-

chloride resins but the experiments did not elucidate a mec h a n ism. 

Along with experimental data on die swell in polymer melts, 

Arai and Aoyam~ 1 )discussed die wall restriction on the elastic 

shear deformation in steady flow. The shear modulus in steady 

flow must be a function of elastic shear stress, and the modulus 

increasei with the molecular weight. 

. ( 1 9 ) .
Huseby and Go g os p ointe d out that when recoverable strain 

in tube flow is plotted versus swelling ratio, the resulting 

curves are consistent with the observation that swelling ratio is 

an increasing function of normal stress. 

Krus~ 21 )measured extrudate swelling for polypropylene (mol. 

wt. 540,000) in a N -pressurized rheometer at 400°F. The amount2

of swelling decreased with residence time in the die. 
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Bagley, Storey, and Wes~ 5 )also pointed out in their experiments 

with polyethylene that (d/D) depends, at constant pseudo shear 

' rate, on the length-to-radius ratio of the capillary even though 

the viscosity does not. 

2.2 	 Some Proposed Mechanisms for Di e Swell 


. 1 <31 > 'd d h . .
Spencer an d Dil on consi ere t e orientation ­

re .~axation of polymer molecules on leaving the die as a major factor 


in the swelling phenomenon. Clegg~ 11 )ha$ disqualified this- by 

stressing the necessity of comparing die transit time with relaxation 

time. 

Metzne~ 25 )h~s derived an expression for the expansion ratio 


(d/D), that contains both axial and radial normal stresses. 


I n 1966 , Na k a 1i ma an i a emp asize e as ic rec o very
.. d Sh'd( 2?) h ' d that 1 t' 


is the most important factor in the swelling process in polymer 


melts. They derived an equation using t h e concept of rubber 


elasticity to calculate the tensile stress for the elastic 


deformation of the eKtrudate until its diameter becomes that of the 


capillary. 


Following the analysis of Nakajima ~nd ShidJ
27 t Bagley and 


3

Duffei )obtained an expression usin g a one-constant stored ener gy 


. f . (2 6 ) 

f unction or a Mooney material . 


Bagley and Duffe~ 3 
)also carried out an energy balance analysis 


I 	 • (1 7 ) 
along Graessley's 	lines and arrived at anot h er equation. 

(1 7 ) 	 •
Graessley, Glasscock and Crawley assumed that the increase 

in the diameter of the extrudate is due to the release of elastic 

energy stored in the fluid inside the capillary. They introduced a 

modulus of elasticity estimated from the theory of rubber elastic i ty 

in terms of the average molecular weight between entanglements. 
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( 3 2 ) 

Recently Tanner has proposed another expression relating recover-

ab l e shear at the wall to the swelling ratio based on the elastic 

recovery concept of a Poiseuille flow of a BKZ fluid. The BKZ fluid 

obeys the constitutive equation po s tula t ed by Bernstein, Kearsley and 

( 6 ) 
Zapas . This constitutive equation is one of the inte gral type 

representations whic h can take the strain history into account . 

To explain the effect of die dimensions on die swell of extruded 

. ( 4)
polymers, Bagley proposed that the swell is considered as the unretarded 

recovery of elastic strain imparted to polymer b y two parts: 

a) Elastic deformation at the entrance 

b) Elastic deformation during shearing flow throu gh the die 
due to the ' steady normal stresses 

-·. 
In long land die (e. g . large L/D capillaries) the entrance strain 

dec a ys alon g the length of the die, and the die swell may be viewed as 

a ~onsequence of the deformation due to normal stress generated in the 

she a ring field. In a very short die the entrance deformation predominates. 

The decay of swelling with capillary length might be expected to 

be a typical relaxation process, showing an exponential dependence on 

the time of transit through the die. If B is defined as the ratio of 

extrudate diameter to die diameter and t i s the avera g e time of transit 

t h rough the die, then Ba g le y proposed the follow i n g decayin g e q uation: 

a . 
( 5) 

(B-B ) = (B -B ) exp (-kt )
co o co a ( 2 • 1 ) 

~here B and B are values o f B at zer o a nd infinite transit times
0 co 

respectively and k is a decay rate constant . 

( 20) .
Kawasaki, Tat Susaka and Ono in a recent paper, considered the 

extruding process as a series of deformation mechanisms 

1) Elongation from the reservoir to the entrance of the capillary 
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2) The release of inner stress proceeding under a constant 
elongation 

3) Recovery of remaining strain after leaving the capillary 

Next, an Oldroyd model (series of a dash pots (µ ) and Voigt
1 

elements (µ and G ))are employed as the representative rheological2 2 

model for molten polymers. This led them to an equation presenting 

die swell as function of polymer characteristics and die dimension s . · 

·Lo.g fl l '"2 =-L - ( B-ti)0 

. µl + µ2 
in which T = G , ya is pseudo . shear rate, B is die swell index 

2 
(~ ) ' ti is die swell index of infinitely long c.apilary. 

By varying the capillary length (L/R) while fixing the apparent 

she a r rate Ya, a linear re lat ion exits between Log£ ­ ( B=h) 2] 
versus (L/R). 
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III THEORETICAL BACKGROUND 


3.1 Expressions Predicting Die Swell 

Several expressions have been proposed for the prediction of die 


swell, centered on the concept of elastic recovery of the swelling 


process. These expressions relate the swelling ratio (d/D) to the 


recoverable shear (a). 


The recoverable shear strain is usually defined from Hooke's law 


which seems to hold for most polymers: 


( 3 . l ) O : Tl2 J 0 


where T ~ s the shear stress and J the shear compliance (J = l/G

12 0 0 0 


where G is the shear modulus). 
 ·. 0 	 ­
( 12)

Coleman and Markovitz have shown that: 

( 3. 2) 


where Tll and T are the first and second normal stress respectively.
22 

·rrom Equation (3.1) and (3.2) 

( 3 • 3 ) = a 

This expression led some authors to the definition of a as "Stress 


Ratio". 


<2 7 ) 
Nakajima and Shida used the concepts of rubber elasticity. They 

assumed that 	the polymer, in a capillarv, is in an elongated state in 

the direction of the capillary axis. Consequently, the polymer in the 

capillary has the elastic energy in the same sense as the potential 

energy of a stretched spring. This energy will recover after passing 

through the capillary and this causes the die swell. 

( 2 2)
Assuming the 	molecular network of polymer is a Gaussian one 

27
Nakajima and 	Shid1 )calculated the tensile stress for the elastic 
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deformation of the extrudate until its diameter becomes that of the 

cap illary: 

't = 	 ( 3. 4)
NakT 

where A = (d/D) 2 , 't is the tensile stress, Na & k are the number 

of chains per unit volume, and Boltzmann's constant respectively. 

• ( 3 5 ) 
Elastic modulus G , is given · b y:

0 

.G = NakT 	 ( 3 . 5 ) 
0 

Therefore, 	 tt has a meaning of tensile strain. Here Nak a jima 

Nak.T 

made a bold assumption that the tensile strain is taken as the quanlitative 

expression 	for the recoverable strain in the flow: 

( 3. 6) 
CJ = 

( 2 2 ) 
Assuming the parabolic velocity profile, it has been shown that: 

(3.7)aw = ~ CJ 


In case of a flat velocity profile: 


CJ= (2 0 (3.8)

w 

in which o ·and a dre the average recoverable shear strain and at the w 

wall res p ectively. If the parabolic velocity profile is assum ed then: 

\: {, d 2. (d )- 4} 	 ( 3. 9) 
aw = . ~3rn) - n 

C;) 	 <27 ). N k t h 	 of a .. dBagley and Duffey followed e ana1ysis aJima an used 

. f . (26)one constant store d energy f unction or a Mooney material . 

(3.10) 

where I is the first strain invar i ant and c is a constant ~e.,
1 	 1 

= A 2 + A 2 + A 2 	 (3.11)I 1 1 2 3 

Al' A2 , are the principal extension ratios which are given as:A3 

Al = A (3.12) 
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(3.13) 

the n 

~ = C
l 

(A 2 + ( 2 /A) - 3) (3.14) 

and force fb which is defined as: 

dw = (A-A- 2 ) (3.15)= 2Cf b dA 1 

The tensional stress t actin g on the cylinder in the final 
xx 

elon gated s!ate is then: 

t = Af = 2C (A2 - A-1) (3.16)
xx b 1 

on the other hand(~S) 

G = 2C (3.17)
0 1 

therefore, assuming 

-. cr = t /G (3.18)
xx 0 

Bagley obtained the relation: 

(3.19);2 =(~)4 -(~)-2 
(19)

Bagley and Duffey also carried out an energy balance analysis along 

( l 7) .
Graessley's lines. The strain energy function in shear inside the 

·11 . . (26)capi ary is given 

- l 2= - G cr (3.20)
Wshear 2 . o 

in the elongational case, in passing· from the unstrained material to 

the strained case the stored strain energy per unit volume is: 

W 1 . = _!. G(A2 + 3_ 3) (3.21)
e ongation 2 o A 

Since welongation must equal wshear at the die exit ,we obtain (for 

o2 = (d/D) 4 + 2/(d/D) 2 - 3 (3.22) 



12 

Another expression relating recoverable shear at the wall to the 

( 3 2 ) 
swelling ratio has been proposed by Tanner based on the elastic 

recovery concept of a Poiseuille flow of BKZ fluiJ 6 ~ 

He made the following assumptions: 

1) The flow is isothermal and incompressible 
2) The die is long enough 
3) Inertial effects in the flow are ignored 
4) Gravity, other body forces, and surface tension forces are 

ignored 
.5) The flow at exit may be approximated by a sudden strain which 

takes the fluid from the viscometric stress state inside the 
tube instantaneously to the zero str~rs state outside the tube 

6) As a constitutive equation, BKZ for~ is assumed 

On the basis of these assumptions, Tanner got the expression 

d 6 
0 2 =· 2[(-) - l)] (3.23)

w D 

Since (d/D)approaches a value of l .1b 1 7 
) for slow Newtonian flow, -· 

Tanner suggested a modification to the previous equation 

(3.24)ow 0.1)2= 2cc(%)- 6- l] 
An evaluation of the above equation predicting die swell has been 

carried out by Vlachopoulos, Hori~, and Lidoriki~ 3 ~) 

3.2 Capillary Flow: 

The three basic equations which describe the flow of a fluid in a 

capillary are the equations of continuity, momentum, and energy. The 

momentum equation in its most general form is: 

DV
Dt = -VP - V.T + r pF (3.25) 

In cylindrical co-ordinates (r, e, z) Equation (3.25) may be 

represented in terms of T, by the following equatio~. Assuming gravity 

to be the only field force present, so only z component is important. 
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z component: 

av v av 
P __z + r z v 0 avz + Vzavz) = 

( at ar + 	r ae- az -a 
( 3. 26) 

The 	 following assumptions will be made for the capill ary flow: 

1) 	 The flow is steady 
2) The axial component of the velocity (Vz) is assumed to be 

a function of the radial distance (r) alone 
3) There are no radial and tan gential components of tge velocity 
4) There is no slippage at the wall 
5) The tube is sufficiently lon g so that end effects are 

negligible 
6) 	 The fluid is incompressible 
7) 	 Isothermal condit i ons prevail throughout 
8) 	 Viscosity doesn't change appreciably with change in .pressure 

down the tube 

Then the Equation (3.26) reduces to 

ap 1 a 
0 = - - ( r 1' ) 	 (3.27)

az r ar rz 

which becomes upon integration; 

r ap
= 	 (3.28)

'rz - 2 az 

At the wall, since r = R arid , 
rz = 1' w 

1' R dp (3.29)
w = - 2 crz-

From Equations (3.28) and (3.29) 

'rz = 
r
'R 

1' 

w 
-(3.30) 

For laminar steady flow through a capillary of radius R, the 

volume flow rate Q is given by tDe integral: 

Using Equation 	(3.30) one gets: 
2 

(3.31)Q = 	2•GJ f" T rzVzdTrz 
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The velocity can be g iven by 

dV z)dT ( 3 . 3 2 ) v -- rz z dr 

Combining Equation (3.31) and (3.32) gives: 

dV z )
-- dT (3.33)
dr rz 

0 T rz 


Integrate by parts 


j :rw ( dV )
4Q 4 2 z
= -- T - -- dT (3.34)
:rrR3" Tw3 rz d!' rz 

0 

which is the general equation . t~at relates the flow to the velocity 


gradient in the system. 


*For a Newtonian fluid Equation (3.34) becomes: 


T 
w R cP (3.35)

= = ­ 2iJ dz 

This equation can be used to define a capillary shear diagram 

as 4Q/'ll'R3 versus T The term 4Q/'ll'R 3 is called "pseudo-shear rate". 
w 

A simple relation between the flow rate and the wall shear rate was 

obtained by Rabinowitsch differentiation of Equation (3.34) 

d IiT w3 ( 4_Q j '11' R 3 Jl 
2: 4T (3.36)

dT w 
w 

which results in: 
T w ( 3 • 3 7 ) C: ::z) w = ~(~\+

4 '11'.R ) 4 

This equation can be used directly to reduce the capillary shear 

diag ram to the basic shear diagram as follows: 
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1) For a given value of T , the value of 4Q/~R 3 can be obtained 
from the data w 

2) The s~ope of the curve can also be obtained at t h at point. 
3) Thus(_ dVz) is calculated from Equation (3.37) 

~ dr w 
4) Both T antdV )are measured at the same point and thus are w - z 


a;- w 

the terms of the basic dia g ram. 


3.3 Errors in Caoillarv Flow: 

3. 3. 1 Eno effects: 

Equation - (3.30) was derived from the assumption that there is no 

entrance and exit of the tube, however, the end effects cause an 

appreciable amount of pressure drop, the estimation of T by Equationw ­

(3.30) is in error. One way to eliminate the entrance effect is to 

use large length-to-diameter ratio of the capillary to reduce t h e 

error but it is difficult to work with long capillaries. 

An empirical method of correcting for entra~ce effects has been 

suggested by Bagle~ 2 ) The procedure developed by Bagley is outlined 

below. 

Following Figure(3. 2) ,P is the pressure gradient in the region
s 

of steady flow then: 

tiPp = ( 3 • 3 8 ) 
s ND+L 

where ND, as shown by Figure(3.2),represents a fictitious tube length 

that, when added to the actual length, enables one to use the over-all 

pressure drop in calculating the gradient in the steady flow section. 

The expression for the shear stress at the wall in the steady flow 

section of the tube can now be written: 

(3.39) 



1? 


1, 	 Tapered entrance L2 . 	 Entrance r egion 
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T is a unique function of r, which is defined as: 
w 

= g <r ) w 


Rearranging Equation (3.39) becomes: 


L 6P (3.40)D= - N+4g[r'f 

N: is the total end correction. 

Equation (3.40) suggests that the value of N might be determined from 

flow measurements made with a series of capillary tubes having dif fe rent 

L/D ratios. For each tube, the pressure drop 6P giving some specific 

value of pseudo shear rate would be determined. Then, by plottin g 

(L/D) versus 6P, a straight line h a vin r, as an intercept would be 

obtained . The corrected value of T will be calculated from (3.39).
w 

3.3.2 Slip at the Wall 


The derivation of Equation (3.30) is based on the assumntion 


( 8 ) 
tha t velocity is zero at the wallof the capillary. Brodkey has shown 

tha t a plot of 4Q/~R 3 versus •w will determine the existence or absence 

of s lip. For a system with slip, 4 Q /~R 3 must decrease at constant T ,
w 

wit h increasin g diameter of the capillary. It is often found tha t in the flow 

of molten polymers, a no-slip condition can be assumed~ 9 )
3.3,3 Heat Effects 

It is assumed that the flow is in isothermal condition. Gerrard 

and Appledoor~ 15 
\ave shown that · the use o_f an ayerage temperature is _unimportan t 

as it is insensitive to changes that can occur because of temperature 

23gradient. LidorikiJ )has shown that heat effect is negligibl e under the 

usual operating conditions of viscometer. 
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IV EXPERI MEN TAL PROCEDURE 


4.1 	Equ i pment 

The experiment was carried out b y using the Instron capillary 

rheometer model 3211. 

The model 3211 Rheometer has a synchronous motor and g earbox 

which drives the piun g er a t a constant rate, independent of lo a d on 

the plunger. Thus, the volumetric flow rate throu g h the capillary 

will be constant, makin g it unnecessary to collect e x trudate, wei g h 

it and bac k - calculate throug h the densit y to obtain the volumetric 

rate of f l ow. 

The push button drive system of the 3211 Rheometer makes it simple . 

to instantaneou s l y s elect f rom six shear rates (plun g er s p eeds) for 
' ' 

testin g a single load of material in the barrel. The maximum an d 

minimum she a r rates span a 333:1 range with a given capillary, and 

the plunger speeds are adjustable from 20 inchea/minute to 0.006 inc he s/ 

minute by means of chan g ing gears.-
Since the viscosity o f many materials is extremely temperature 

-
dependent, the model 3211 Rheometer is designed to control absolute 

temoerature within + 1°C and t h e temperature profile from the top to 

the bottom of the rheometer barrel can be controlled to wi thin + 2°c. 

To investigate the effect of capillary dimensions on d i e swell, 

nine capillaries were used, most capillaries are made of brass, all 

have the entry an g le of 90 degrees. The length to diameter ratios 

of these capillaries vary from zero to twenty five. Table ( 4-l) gives 

the specifications of these capillaries. 



20 


TABLE OF CA P ILLARIES USED 

NO. MATERIAL ENTRANCE 
ANGLE 

DIAMETER 
(INCHES) 

LENGTH 
(INCHES) L/D 

1 Brass 90° 0.0525 1.300 24.8 --
2 Brass 90° 0.0525 1.050 

. 
20.0 

3 Brass 90° 0.0525 .839 i6.o 
I 

4 Brass 9 0° 0.0525 .519 9 . :g 

5 Brass 90° 0.0525 .418 7. 9 

6 Stainless Steel 90° 0.0525 .281 5.01 

-7 Brass 90° 0.0525 .157 2.99 

8 Stainless Steel 90° 0.0525 .0517 0.99 

9 ·Brass 90° 0.0525 'VQ 
'V 

'VO 
'V 

Table 4.1 
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4. 2 	 System Operation: 

The material to be tested is loaded into the extrusion barrel, 

allowed to come up to temperature and is forced, at constant speed, 

through the capillary. The plunger forces, corresponding to selected 

pl u nger speeds, are indicated on a recorded paper. The forces and 

corresponding plun g er speeds can be converted to shear stress and 

~he~r rate by a simple mathematical calculation involving the geometry 

of the barrel and capillary as di s cussed in Section (4.4). 

4,3 	 Materials 

The commercial samples of four polymers are used to make the 
.' -·­

investigation: 

(1) 	 Low density (Branched) polyethylene (Union Carbide Canada 
Limited) 

(2) 	 High density (Linear) polyethylene (Union Carbide Canada 
Li.mi ted) 

(3) 	 Polypropylene (She l l Canada Limited) 

(4) 	 Commercial Polystyrene (Monsanto 
1 

Company, Limited) 

(5) 	 Standard Polystyrene (Pressure Chemical Company, Pittsburgh 
Pa.) 

The blent polystyrene was prepared by mixing and dissolvin g 

the narrow distribution polystyrene in tetrahydrofurane (at room 

temperature), then precipitating and filtering with purified methanol, 

and evaporating the remaining in a vacuum oven. 

The average molecular weight of blent polymer is calculated from 

the 	following equations: 

MW = Hli ( M ) • Ir. w. 
w 1 	 . 1 

· 1 

M =-r.w./r. CW./(M .))
n 1 1 ni. 
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M = z r w."M. 
i 1 vii 

M = z+l 

POLYM ER SAMPLES USED 

..·: .•. 
TRADE NAM E M M/M .. POLYMER 

w w n 

DFDY -0 701 51,300 3.72 L.D.Polyethy lene 
DFDQ -0118 53,500 3.00 L.D.Polyethylene 
DFDY-6005 82,800 3. 96 L.D.Polyethylene 

DMDA-7930 69,590 4.17 H.D.Polyethylene 

PP-5820 287,000 Poly p rop y lene 

LUST REX HF-55 320,00 0 3.10 Polysty r e ne 
LUSTREX HT 42.1 

BLENT . POLYSTYRE NE 498,000 2.21 Polystyr.ene 
(mixin g two standard } 

Polvstvrenes, one 
having .. M =1,800,0 .00 

w 

M 

-

w 
< 1.2 


M 
n 

and another havin g 

M=200,000w . 

M 
w - - -2= 1.0 6 ) BLENT POLYSTYRENE having MzMz+l/Mw = 11 .04 

M 
n 

* Determined by Suppliers 

TABLE 4-2 

SUP P LIER 

Union Carbide 
Canada, Ltd. 

Union Carbid e · 
Canada, Lt d . 
She l l Can a d a 

Ltd. 
Monsan to 
Compan y , Li mited 

Pressure Che mi c a l 
Company 

http:1,800,0.00
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4,4 Tre atment of Data 

4.4.1 Shear Dia g ram 

The calcula t ion of basic shear diag ram in capillary rheometer 

re q uires the measurement s of volumetric flow rate and the pressure 

drops th r ou g h the capillary. Shear stress and shear rate at the 

wall are obtained as fol l ows: 

~) From the volumetric flow rates, pseudo shear rate (4Q/w R3) 

is obtained. 

2) At a value of pseudo shear rate, the corresponding pressure 

is obtained and cross plotted versus the L/D ratio (Fi g . 4.1) 

3) The intersections of these lines with x-axis are used to 

calculate the corrected shear stresses. 

4) 	 From the plot o f corrected shear stress versus pseudo shear 

r ate (Fi g . 4.2), the slope is obtained, thus -dVz/dr (=yw) 

i s calculated by using Rabinowitsh Equation (Eq. 3 , 37) 
')I 

5) The plot
-

of y
w 

versus T 
w 

gives the basic shear diagram (Fig . 4 . 3) 

Value of Pressure, 4Q/wR 2 , T ,
w 

y
w 

and swelling ratio for all polymers 

are g iven in Appendix I. 

4.4.2 ~e l t Fr a ctu r e 

The incipience of melt fracture was determined visually by the 

appearance of a pronounced distortion in the extrudate . This was 

fairly eas y for most polymer samples. The Instron capillary rheometer 

is equipped with a chart recorder . At the incipience of melt fracture, 

the chart records a zi g -zag line, however, the best way to recognize the 

on-set of melt fracture is by observing the extrudate distortion. 
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4. 4. 3 Extrudate Swelling 

The diameter of the extrudate was obtained by extruding the 

polymer melt downward directly into the air. All experimen t s 

were made in this manner, and the diameter of hardened extrudate 

was measured with a micrometer to the nearest 0.001 in~h. 

To obtain a specimen for measurement the extruding molten 
' 

rod ~as first cut short at the capillary. As fresh extrudate 

emerged, it cooled and hardened in the first few i~che9 beyond the exit 

The diameter of the extrudate decreases because of elongation at the 

exit from the increasing weight of the extrudate. All diameter 

measurements were made approximately 1/4 inch back from the leading 

end where elongation was negligible. The extrudate was quite uniform 

in diameter at low shear stresses but lost their uniformity at the 

critical stresses due to the extrudate distortion. 

All the diameters of extrud at es have been c.orre ct ed for the 

density difference between room temperature and extrusion te~perature 

i.e. d = (p /p)l/3
d . 0 

0 

where d = swelled diameter of melt at extrusion temperature 
d = swelled diameter of frozen polymer

0 

p* = density of melt/ p * density of frozen polymer 
. 0 

4.4. 4. Molten PolvmersBehave as a Power Law Fluid 

Logarithmic flow curves of molten polymers often appear to be 

straight if restricted to one or two decates of shear rate, but when 

extended over several decades, they are usually not straight. 

( 2 5)* Value of density is taken from reference source 
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Logarithmic plots of shear rate versus shear stress for 

invest i gated polymers are shown in Fi g ure (4.SJ It is observed that 

low density_ polyethylene, in the range of experimental data , follo ws 

the power-la,w fluid ('C'= KGn) with n in. the range of o.4-0.5 

The flow curves of high densit y polyethylene, polypropylene, and 

especially poly sty~ene somewhat deviate from power law. This deviation 

is what we would expect because molten polymer is viscoelas t ic 

ma terial, its rheolog i cal e quation is not exactly represented by 

the power law, every rheolo g ical model contains at least two para­

meters, one for viscosity and the other for elasticity characteristics. 
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V RESULTS 


5.1 Reproduci~ility 

The measurements of extrudate diameters were repeated four times 
~ 

to check the reproducibility of these values. The applied pressures 

are obt ained within 2 % while the diameter of the extrudate was found 

reproducible within nearly 1 %. All measurements are taken in a 

standard way, in this way while the absolute diameter of the extrudate 

mi ght be in doubt because of "frozen-in 11 mechanism but comparison 

between those values of different capillaries does make sense. It 

was observed that down drawing by weight does not affect the ·measure­

ment of extrudate diameter, because the measurement is made at 1/4" 

from the leading end. 
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5.2 Effect _of Temperature on Die Swell 

Figure (5-1) is the plot of die· swell (d/D) vs. true shear· stress "for 

•low density ~po1yethylene , at four different temperatures ranging 

from 1S0°C to 210°c. It is found that swell is independent of tempera­

. (17) (30) 
ture oyer this range. 	 This agrees with Graesslev an d Smelkov f or 

Th . 1 . h d' . h H · ( 22 )Polystyrene and PMMA. is resu t, owever, isagrees wit orie . 

Hori e found that at a fixed true shear stress, die swell increases with 

te mperature for low density polyethylene. 

Investigatin g the effect of temperature on d i e swell of poly­

styrene, PMMA, Low density polyethylene, Hori~ 221 made the followinf 

conclus i ons: 

1) At a fixed shear rate, die swell decreases with temperature for 

polystyrene and PMMA. 

2) At a fixed shear rate, die swell increases with temperature 

for low density polyethylene. 

(7 ) (9)
Conclusion (1) is in agreement with Beynon and Glyde , Brydson , 

3Dillon and Johnston(l	 )• Conclusion (2) dis a grees with Beynon and Glyde(?) 

( 13)
and Dillon and J ohnston . Unfortunately, the reasons for t he rath e r 


unconv e ntional behaviour of these materials are not clear. 
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5,3 Effects of Shear Rate and Shear Stress on Die Swell 

FiP,ures (5.2.l to 5.2.4)are the plots of die swell versus shear 

s tress with dif f erent caoillaries for all poly mers stud ied. 

The followin g conclusions could be drawn: 

1) With a fixed caoillary, die swell increases with shear stress 

for low, hi~h density polyethylene, polypropylene 

. 2) With a fixed capillary, die swell increases with shear rate 

for low, hi g h density polyet hylene, polyprop y lene, pol y styrene 

f . . l . . h H • ( 2 2 ) d . h· Th ese resu l t s are d e inite y in a g reement wit orie an wit 

the bulk of literature{?),( 29 >. 

It should be mentioned that extrudate swelling is only investi g ateg 

up to critical stress, b eyond that limit, measurements are impossible 

( 2 4)
to carrv on due to the zi g -zag shaoe of extrudate. Mcinstosh found 

that the plot of die swell versus shear stress increases to a maximum 

value then decreases beyond the critical shear stress. 

5.4 Effect of Molecular Wei g ht Distribution 

The effect of molecular weif-ht distribution on die swell has been 

(17) (22)
carefully investigated by many for mer researchers ' . The general 
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conclusion is: _Die swell increases with molecular weight tj.istribution 

which i s represented by_ the factor ( MM+l/M2 ) • z z w 

In Figure (5.3) the plot of swelling ratio versus true shear 

stress for low density polyethylene with various polydispersity 

(M /M ) is shown. 
w 	 n 

Dependence on factor M M ;M 2 implies that die swell is 
z z+ 1 w 

influenced by hi ~ h molecular wei g ht tail. 

I n S e ct ion (3 . 1 ) ,it has been st at e d that the s we 11 in p; rat i o ( d ID ) 

is a function of recoverable shear, and the recoverable shear is 

____de f i n e d from Ho o k e ' s 1 aw i n sh e a r : 

( 5. 1)0 = T 2J1 	 0 

17
wh e re J is the shear compliance of material. Graessley and co-worker 4 )

0 

ca r ried out rheo p; onio~eter measurements on concentrated solutions and 

melts of polvstvrene and developed the following correlation between 

"true" and Rouse shear compliance at zero shear rate: 

J 	 = 2.2 x JR ( 5 • 2 ) 
0 

1 + 0.347 pE
0 

wh e re JR is the Rouse shear compliance 

JR 
2 = 5 

M Mz+lz 

rF 
w 

M 
w 

p R T 
g 

( 5. 3) 

E 
0 

= M /16,000
w 

is the entanglement density at zero shear, p is the 

density,
-

R 
g 

is the ideal gas constant. 

It is clear that shear compliance (J ) is related to the molecular 
0 

weight distribution (M M ;M 2 ) through the Rouse shear compliance. That 
z z+ 1 w 

is the reason why the molecular weight distribution has great importance 

in 	p olymer swell. 
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High density polyethylene which has linear cha i n molecules is 

compared with low density polyethylene (branched molecules), Figure 

( 5 • 3 ) . It can be concluded that: branched polyethylenes are less 

swelling than linear polyethylenes with similar molecular wei ght1 

distributions. 

This is in agreement with Hori~ 22 )as well as Bengou and Glyd~ 7 ~ 

5. 5 "E ffect of Die Len gth on Swelling Ratio 

The effect of die length on swelling ratio is investigated for 

low and high density polyethylene, polypropylene and polystyrene. 

Figures (5.4 to 5 . 10) are plots of die swell versus· L/D for 

di f ferent polymers. It is observed that low density polyethylene 

needs a long caoillary to level off, in our data the swelling ratio 

se e ms still decreasin g at the value of L/D equal 24.8 . Die sw ell of 

hi g h density polyethylene reaches equilibrium value relatively faster 

(L / D=l5), the same behaviour is noticed for polypropylene and poly­

styrene which level off at L/D equal 15 and 12 respectively. 

It should be recalled that high density polyethylene, polypropylene 

an d polystyrene are linear polymers while low density polyethylene is a 

branched polymer . The equilibrium values chan g e with different shear 

rates. These results are generally in agreement with Graessle~l?) 

(Polystyrene) and Bagle~ 5 )(Polyethylene) 
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VI ANALYSIS 


6. 1 Bagley's Suggestion 

5
It was suggested by Bagle} )(Section 2.2) that swell i ng of an 

ex t rudate decays exponentially with the shear strain put on the melt 

sy s tem. Bagley fitted his data to his suggested Equation (2.1) by a 

le a st-squares method: 

(B-B ) = (B -B ) exp (-kt ) ( 2 .1) 
co o co a 

His most interesting relationship is the plot of k versus shear 

ra t e results in a straight line passinp, through the origin, so the 

fo l lowing relationship can be writ t en: . ·) 

k = (C;/4)G ( 6. 1) 
< ; 

If Q is the output rate through a capillary of radius R and length 

L then: 

( 6 • 2) 

which may be written as: 

( 6 . 3 ) 

or 

t = 4(L/R)/G ( 6. 4)
a 

where G is the pseudo shear rate. Combine Equation (6.1), (6.4) with 

Equation (2.1), we obtain: 

(B-B ) = (B -B ) exp. (-c L/R) ( 6. 5)
co 0 co 

c is called the decay rate of swelling with die length being independent 

of s hear rate, shear stress or residence time, so c 
.. 
depends only on 

the kind of polymer used. 



Equation (6.5) sug gested by Bagley is used to fit data for five 

p o lymers studied : hi g h and low density polyethylene, poly propylene, 

a n d polystyrene. The curves are shown from Fi g ure (6.1) to (6.4) and 

t h e parameters are tabulated in the following tables. 

TABLE 6.1 

Parameters of Equat i on (6.5) found at 150°C for Low Density 

p o lyethylene (0701) M = 51,000, M/M = 3.72, T = 15 0°C 
w w n 

LOW DE NSITY P OLY ETHYLEN E (0701) 

-1
G(Sec ) 2xl0- 5 )T (dynes/cm 

w 1 
y (Sec­ )w . 

3.8 
1. 36 

3.8 

12. 8 . 
2.80 

17.0 

38.6 
4.52 

51. 8 

128 
7.40 

173.1 

B
(*) 
0 

B
(**) 
00 

1. 985 

1. 36 

2.299 

1. 46 

2. 5 29 

1. 54 

2.735 

1. 6 5 . ' 

c .14 .20 .19 . 2 2 

TABLE 6.2 

LOW DENSITY POLYTHYLE NE (0118) M = 53,500 M/M = 3.00 T = 150°C 
w w n 

G(Sec -1 ) 3. 8 12.8 38.6 128 
Tw(dynes/cm

2xlo- 5) 1. 8 3.14 5. 09 8. 0 8 

y ( Sec- 1 ) 4.48 16.47 53.42 173.56 w 

B(*) 1.891 2.254 2.546 2.7 99 
0 

B
(**) 
00 

1. 37 1. 43 1. 49 1. 58 

c .200 .233 .224 .251 

{*) Value obtained by regression 

(**)Value obtained from experimental data 
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TABLE 6. 3 

HIGH DENSITY POLYETHYLENE (793 0) M = 69~S90 M/M = 4.17 T = 1S0°c 
w w n 

-1G(Sec ) 
T (dynes/cm 2xlO-S)w . 

3. 8 
1.11 

12.8 
2.S4 

38.6 
4.97 

128 
9.13 

.y ( -1)Sec 3.89 14.92 4S.97 161.21 
w 

B (*) 1.804 1. 9 86 2.32S 2.8SO 
0 

(**)BCD 1.367 1. 492 1.618 1. 777 

c .239 .284 .302 .280 

TABLE 6.4 


POLYPROPYLENE (PP.S828) M = 287,000 T = ·100°c 
w 


-1

G(Sec -~ 3.86 12.8 38.6 128 

T X l~ 2 83 1. S7 2. 8 2 4.76 
 , 
.w _9ynes/cm 1 

y (Sec ) 4.Sl 16.S 41. 6 144.2S
w ·--------­

(*) 
B l.S31 1.8 0 4 2.2S2 2.7Sl (ca 1. )

0 

(**) l.S72 1.804B 
m 1.304 l.4S8 

c 0.306 0.3SO 0.311 0.281 

TABLE 6. s 

POLYSTYRENE: (HF.SS) 

T=l70°C M = 320, 000 M/M = 3.1 w w n 
-1G(Sec ) S.8 19.38 S8 


T xlO-s (dy~ef ..os 
 S.09 7.31w _ .cm )
1y

w
(Sec ) S.8 28.3S 84.07 

B (*) 
0 

1. S70 1. 8 S9 2.220 

(**) 
B 1.302 l.4S4 1. 612m 

0.415 0.3S7 0.261 

(*)' . Value obtained by regression 

(**) Value obtained from experimental data. 
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2 . . 

LOW DENSITY POLYETHYLENE 
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HIGH DENSITY POLYETHYLENE 

0l M,,v = 69 , 590 

C 

--! 
G = 12 6 sec 

G = 38·6 
G= 12.6 

G= 3.8 

I 

) EAGLEY ' S decaying : 


eq . <6- 5) I 

I 


I 


! 
I 


' 

2 4 G 8 10 16 20 26 

Fi g . (6 . 2 ) Fitting of Bagl ey s equation ( 6- 5) for High density polyethy 

·1ene. 
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POLYSTYRENE 

M = 320 ,000w 
M /M = 3.10 w n 

TEP.= 170 
0 

C2.1 
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1.6 

-1.5 

1.4 

1.3 

1.2 
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Fig . (6.4) Fitting of Bagley's decaying equation (6-5) for Polystyrene 
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TA BL E 6.6 


POL YSTYRENE: (HT 42.1) T = 170°c 

G(Sec- 1 ) 5. 8 19.38 5 8 • 

'w - 5 2
xlO (dynes/cm ) 4.49 .(). 99 9.30 

. -1 
y (Sec ) 

w 
7.54 27.03 98.77 

B 
0 

1. 654 1.895 2. 2 5 .5 

B 
CX> 

1.319 1.436 1.592 

e 0.56 9 0.330 0.300 

The 	 decay equation suggested by Bagley seems to fit our data very 

well for most of polymers studied, however, there are some ,pitfalls 

of significant imp ortance. 

1) The decay rate is not constant with respect to pseudo shear 

rate (Table 6.1 to 6.6). For some polymers, decay rate coul d 

be considered constant within experimental error, while in the 

case of polyst v rene, it could hardly be constant but decreases 

with pseudo shear rate. 

2) 	 If the stored energy is dissipated along the capillary then 

this energy mus t convert to heat which changes the viscosit y 

of the polymers. However, the apparent viscosit y does not 

change, this is demonstrated by the straight line of the plot 

pressure versus die length. , 

Our future work could be more devoted to investiga te 

- the possibility of this .dissipated energy. 

Equation(6.5) suggested by Bagley would be useful in 

practical purpose when the equation parameters B , B , c could be 
0 

related 
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to the material p roperties an~ processing con dit ions. In 

future work, it would be worthwhile to investigate this 

relationship. 

It is clear that the plot of die swell index, d/D, versus 

L/D decays exponentially, however, this shape of the curve 

could be fi t ted by man y f orms of equa~ion. Accordingly , 

we do not have any fundamental eq~ations at hand . Bagley's 

equation should be re g arde~ only as a curve fitting at 

experimental data. 

6.2 Effect of Deborah Number on Die Swell 

6.2.1 Tim2 Constant 

The time constant of a material is defined in many ways in the 

literature. 	 It may be defined for a particular theory such as the 

28 1 5 th e ories of RousJ )and Graessle1 ) It also may be defined as the 

inverse of the shear rate at which the viscosity decreases to some 

fixed percentage of the zero - shear rate viscosity . The followin g 

table summarizes all common definitions for time constant: 

TABLE 6.2.1 

Time constant Where found Remarks 

e x 
HarriJl S ) x represents viscosity (µ),or 

dynamic viscosity ( µ' ) • For 
d~finition see Fi gure (6.5) 

e 
0 

. (16 b ' ) 
Work by Graessley 
and co-workers 

Defined in Graessley's theori15 ) 
and is obtained by superimposin g 
viscos i ty data on a master curve 
for visc6sity versus shear rate . 
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R 
(2 8 ) 

ouse 
6µ M 

00R= defines the longest or 
n2 cRT 

largest time constant in the Rouse 
theory good only for dilute solutions. 
No "power law" region defined in 
th.is theory. The time constant is 
the same as that used by Bueche 
except for a constant multiple of 2 . 

341e Tobolski	 Obtained from stress relation work
T 

an.d co-workers 	 by Procedure X as described in 
work by Tobolsky and Murakami 

e Sraessley and co­ Obtained from a modification of
N 	

(38 ) 
workers (16b) 	 Williams' work on dilute solutions . 

e work by 	 Obtained from Williams' theory for( 38 )w 
M.C. Williams intermediately concentrated 

solutions. e is proportional to 
w 

2 c 
I-­

Harris ~l?)w orking with solution of polystvrene at 25°C found that 

it is possible to relate the time constant e and e 'to concentration 
µ µ 

an d molecular weight for one and two comnonents . (blends) system. 

e = 4.o x lo-16 c3.77 M 3.27 

µ w 


15 2 63 
e = 4.16 x lo- c • M 2.92 

µ w 

where M and Care the wei g ht average and polymer concentration. 
w 

Tobolsky found that for polymers having a narrow distribut i on of 

mol e cular weight eT varies with 3.5 power of the molecular weight. 
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6 . 2.2 Definition o f Deborah nu mber 

. d f' <25 ) h . f h 1 . fDbe orah num b er is e ined as t e ratio o t e natura time o 

the material to the duration time of a process: 

0 (time c on stant of the material)
N = -Oeb et (processin g time) 

( 2 5 ) 
Metzner used Tobolsky time constant to define Deborah number. 

Processing time (0t) is used as the avera g e residence time required for 

a particle of material to flow through the capillary which is: 

(Sec) 

Accordin g to the definition of pseudo shear rate (G) 

G = 40 
'lfR 3 

Metzner and Roger in investigating the effect of capi3=lary dimensions 

hence: 

0 
t 

= ~(~)
G D 

This definition of processing time has also been used by 
( 5 ) 

Bagley , 

(2 5 ) (2 8 ). • 

on die swell • . Processing time is also designated as t • a 

6.2.3 Effect of Deborah Numbe r on Polymer Processin~ 

(2 5 ) 
Metzner et al. has stressed the importance of this number on the 

ext r usion of polymer melt through a capillary .. If the Deborah number 

is large i.e. ±f the time span of the fluid memory exceeds the residence 

time in the tube, the emerging extrudate is able to recall its state 

prior to entry into the tube. Conversely, as this dimensionless ratio 

approaches zero, the extrudate is able to recall only the flow conditions 

(25)
in the tube. However the relationship 
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between Deborah number and die swell has not been proposed by former 

investigators. 

To investigate th e possible effect of processing time to die 

s well, the plots of die swell index, d/D, versus average residence 

time are shown in Figur e (6.6) to Figure (6,9) for the polymers studied. 

The 	 foll6wing conclusions could be made from the plots: 

1) 	 At a fixed pse u do shear rate, die swell decreases with 

residence time to a equilibrium va l ue depending on pseudo 

shear rate. 

2) 	 At a fixed res i dence time, die swell increases with pseudo 

shear rate. 

3) 	 The fact that a ll data points do not fall on the same curve 

means residenc e time or Deborah number is not the only factor 

determinin g di e swell. 

The importance of Deborah number as related to the phenomenon of 

die swell, is still unk n own. Nevertheless, we can conclude t h at die 

swell is not solely dependent on t h e magnitude of this number. 

6. 3 Relationship Between Recoverable Shear Strain of a Short and Long 
Capillary 

Hooke's law in she ar is assumed .to be o b eyed by most of molten 

polymers 

( 5. 1) 

in which cr is the recove r able shear strain, are the shear 

stress and J the shear c ompliance (J = l/G where G is the shear 
0 	 0 0 0 

mod u lus). 

Following the model suggested by Bagley (Section 3.1) which relates 

the average coverable sh e ar, cr, to the die swell (Equation 3.22) 
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... 
M = 51 , 300 w , ' 

I 

_, 
A G -- 38 sec 

0 G 12.8= 
VJ G = 38.6 

1.3 t­

0 2 4 6 8 10 12 14 20 30 
... Average residen c e time (sec) 
rlk':· ( ~. 61 ~ plo·t~-' of ":di e sw-eil'' rn av'e!rage'' Z.-e~sia'e.ncet ~ti'm~. 



63 


' 


HI GH DENSITY POLYETHYLENE 
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Fig.(6-8)Plot of die swell vs. aver~ge residence time. 
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( 3 • 2 2 ) 
a ·~r + (%)2 - J'2 
The relationship between average recoverable shear strain and its 

22
value at the wall has been derived in detail ) The following relation­

ship .would hold in t h e case a parabolic velocity profile is assumed: 

"' . 
0 ( 3 • 7 ) 

w 

In the case of very short capillary, a flat veloc i ty profile 

is obtained, then the following relationship could be used(f2 ) 

o = J2 a ( 3 • 8 ) 
w 

Combining (3.22) and (3.7), then replacing ()in(5.1) by ~ we would 

obtain: 

J
1/2 

- 3 : J T ( 6. 6) 
0 w 

It has been shown that (Section 4.4.4) in a short range of pseudo 

shear rate, molten polymer ~ehaves as a power law fluid which means: 

( 6. 7) 

Combining (6.6) and (6.7) 

frd)4 2 ~l/ 2 ( 6 • 8 ) ELD +(%)2 - J = 

Taking - logarithm of b o t h sides 

1 12log~~)4 

+(%)2 - ~ = n log G +(log J 0 K - log 'fJ) (6.9) 

According to Eq~ati on (6.9), the plot of ~)4 
+(%)2 ~/: · tr 

versus G on logarithmic paper would give a straight line with slope n. 
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Figures ( 6. 10) to ( 6. 13) are the plot s of oversus G for polymers 
'-Ip 

studied. 

It appears that the plots do give the straight lines particularly 

for long capillaries ( long enough to obtain a die s well index, d/D, at 

equilibrium value). 

the values of the slopes of the plots~versus G on logarithmic paper 
l./J> 

and the exponential values of ~the power law fluids are tabulated in Table 

(6.?).The .difference between the two values may come from many sources . 

The molten poly mers do not follow the power law exactly, hence n(*)is obtain ed 

with uncertainty. Secondly, because of the crudeness of the experimental 

determination of B, the recoverable shear str ain obtained from die swell of 

_,extruded --. polymers is also an approxima ted value. 

Table 6.7 

LDPE 

HDPE 

POL}?RO. 

POLYSTYRENE 

( * ) ( * *)M M/M n nw 'II n 

53,500 3.0 0.44 o. 37 

69, 500 4.1? 0.56 0.20 

287,000 -- 0.50 0.31 

320,000 3.1 0.27 0.32 

(* ) Exponent of power iaw fluid obtained from the plot of 'rwvers us 

G on logarithmic paper. 

(**) Slope of the plot oversus 
L/f) 

G on ·1ogarithmic paper for long capillary 

L/D= 25. 

The plots of ~1versus G for short capillaries have the tendency to 
J> 

shift upward (Fig 6.10 to 6.13). - This phenomenon clearly indicates a change 

of recoverable shear strain along the capillary. 

To elucidate the phenomenon, the relationship between recoverable 

shear strains for short and long capillaries is obtained as following: 



-
Let om and oL/D be the recoverable shear strains for infinitely 

long capill arv and the one with dimensions ratio L/D respectively. 

The plots versus (L/D) are shown in Figures (6.14) 

to (6.15). The following equation is pro~osed for the relationship 

between OL/D and cr~ 

-
Ln(:LID~ .= A(~)a (6 . 10 ) 

Ooo , 

The data are best fitted by Equation (6.10). The constant A's 

and a's are tabulated in Tables (6.8) to (6.11) 

"a 11It is interestin g to notice that de}'.)ends on-ly . on polymer 

characteristics and nearly independent · of pseudo shear rate (G) 

."A" depends on shear rate (G) and equals to Ln~L/D) · 

~~m )L/D=l 

Equation (6.10) could be written as: 

a 
(6.11)Ln cr m = LD( oLID)- A ( ~ ) 

TABLE 6. 8 

LDPE M ;; 53,500 M/M = 3.00 T = 150°C 
w w n 


G(Sec -1 ) 3. 8 12.8 38.0 128.0 


A 1 .35 1.59 l. 8 
 2.05 

a -.976 -.970 -.925 -.954 
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TABLE 6.9 


HDPE: M = 69,590 M/M = 4.17 T = 150°C 
_W_ ...i.z. ..n 

G(Sec -1 ) 12.8 38. 0 128.0 386.0 

A .64 .78 1. 02 1. 32 

a -.790 -.805 -.795 -.814 

TABLE 6.10 

T0POLYPROPYLENE: M = 287,ooo = 180°C . 
w 

-1G( Sec ) 

A 

a 

12.8 

1. 35 

-1.46 

38. 8 

2.2 

-1.39 

128.0 . 

2.8 

-1.37 

TABLE 6.11 

POLYSTY RENE (HF-55) M = 320,0 00 M/M = 3.1 T = l 70°C . 
w w n 

G{Sec -1 ) 

A 

a 

5.8 19. 3 58.0 

1. 4 1. 4 1. 6 

-1. 7 -1.36 -1.22 

The relationship between 61/D and o:ocould be used to estimate 
II II 

11 a 11t he die swell from short capillaries ·once , A and are obtained for 
tt II 11 II 

a parti cular polymer. However , the relationships between A and a to 

polymer characteristics are still needed to be understood. 
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,. VI I C 0 N CL US I 0 NS 

.. An INSTRON Rheometer has been used to study the polymer die 
... 

swell . Based on the result of the experiment, the following .,. 
conclusions could be made: 

' ) 

1 ) Die swell increases with shear rate 

2 ) Die swell increases with shear stress 

3 ) Die swell of low density polyethylene is not affected. .. 
by temperature 

- ~ 

4) Die swell strongly depends on the distribution of molecular ... 
-. 
 weights; the broader the distribution, the larger the swelling 


.. 
• 

5 ) Swelling ratio decays exponential l y with the ratio leneth 

to the diameter of the capillary for all polymers studied 

6) The importance of Deborah number i n polymer processing is 

still unknown, however, die swell is not solely dependent 

... on this number . 

7) Recoverable shear strain for short capillaries could be 
• 

estimated . from the knowledge of its value at equilibrium 

and polymer characteristic, thus die swell for short 

capillaries could be calculatea backward through. the model, CJ'= f (d./D), 
1./1'• 

-· for die swell 

... 




-
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·~ VIII SIJGGES TI ONS 

1 ) It is observed that frozen effect of extrudate has made the exact 

.., value of swell d i ameter impossible to obtain • To overcome this 

difficulty, the extrudate polymer should be annealed in an inert 

oil. 

. > 2 ) Further work could be devoted to investigate the ef f ect of molecular 

wei g ht and molec u lar weight distribution on the exponential decay 

.. curve of die swell versus L/D. Standard polystyrene could be u se d .. to carry out this work. The mechanism of swellin g proces s could 

be complicated, however, clear understanding the effect of molecular 
.. ' 

> weight and. molecular weight distribut i on on the decay of swellin g 

.. could somehow elucidate the answer for the problem. 
T > 

.,. . 3) As a good try, we could follow the line sugges ted by Kawasaki 
(20 ) 

b y usin g a b etter model to explain the die swell phenomenon. 

4) It is worthwhile to use standard polystyrene to investigate the 

e ff ect of Deborah number on "die swel l " . ..... 
... > 

... 

• 

,. .. 

-· 
... . 

I> 
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IX NOMENCLATURE 

a Constant defined by Equation (6.10) 

A Constant defined by Equation (6.10) 

B Die swell index (d/D) 

B 
0 

Die swell index of zero length capillary 

B 
m 

Die swell index of infinite long capillary 

c Decay constant defined by Equation (6.5) 

c Polymer concentration 

cl Constant in Mooney Equation (Eq. 3,7) 

d Extrudate diameter at extrusion temperature (inch) 

d 
0 

Diameter of extrudate polymer at room temperature (inch) 

D Capillary diameter (inch) 

E 
0 

Entan g lement density at zero sh~ar 

f b Magnitude of force 
by Equation (3.12) 

per unit cross-sectional 
(dynes/cm 2 ) 

area defined 

· G Pseudo shear rate (Sec- 1 ) 

G 
0 

Elastic shear modulus (dynes/cm 2 ) 

Il, I2' I3 Strain invariants defined by Equations (3,8) - (3.10) 

J 
0 

Shear compliance (cm 2 /dynes) 

JR Rouse shear compliance defined by Equation (5.3) 

K Constant for power law fluid 

k Boltzmann's constant (erg molecule-ioK- 1 ) 

L Capillary length (inch) 

Le Entrance length (inch) 

Ls Length of steady state region in capillary ( inch) 

M Molecular weight 

M 
n Number average molecular weight 

M w Weight average molecular weight 

M 
z 

z average molecular weight 

M 
~•1 

(z+l) average molecular weight 
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N End correction in capillary flow 

Na Concentration in molecules per unit volume (cm- 3 ) 

n Exponent of power law fluid 

p Pressure (dynes/cm 2 ) 

Q Volume flow rate (inch 3 /sec) 

R Capillary radius (inch) 

R 
g 

Ideal gas constant 

t 
a 

Average residence ' time (sec.) 

t xx 
Tensional stress defined by equation ( 3 .16) 

T Temperature (ocor oK) 

Velocity vector 

V r , v 
8 

, V z Vector components of velocity (unit/sec) 

w. 
1. 

Weight fraction of i - th component of polymer 

Stored energy function 
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GREEK LETTERS 

1True shear rate at the wall (sec- ) 

r Pseudo shear rate 

µ Non-Newtonian viscosity (gm/cm.sec) 

µ ' Dynamic viscosity 

e Time constant, general 

Viscosity curve time constant, see Fi g ure 6 . 5 

e Dynamic viscosity . time constant, see Figure 6 . 5 
µ 

Time constant, Rouse theory 

Tobolsky time constant 

Time constant, William's theory 

Time constant, Graessle y 's theorye 
0 

e 	 Averag e residence time (sec.)
t 

Extension ratio 

Principal extension ratios 

p Density ( gm /cc ) 

Density of frozen polymer (gm/cc) 

0 Recoverable shear 

-
0 	 Recoverable shear averaged over cross sectional area 

Avera g e recover able shear strai n of capillary having 
L/D dimensions 

-
0 	 Average recoverable shear strain of infinite lon g capillary

m 

12 	
Shear stress (dynes/cm 2 ) 


Normal stress (dynes/cm 2 ) 


Tensile stress (dynes/cm 2 ) 


T 	 True shear stress at the wall (dynes/cm 2 )
w 



X 
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APPENDIX I EXPERIMENTAL DATA 
RESULTS OF EXPERIMENTAL MEASUREMENTS 

Low :Jensity Polyethylene 

M = 51,300
w 

M/M = 3.72 
w n 

(0701) 

L/D 

Temperature = 150°C 

Pxl0- 6 
4Q/'1T~i 

(Dynes/cm 2 ) (Sec ) d/D (d/D )~':=B (B4+~ -3)1/2 
B2 

1 

1. 90 
3.62 
7.63 

14.75 
26.70 

3.866 
12.880 
38.660 

128.000 
368.000 

1.645 
1.924 
2.095 
2.362(MF) 

MF 

1.696 
1.984 
2.160 
2.435 

2.44 
3.60 
4.38 
5.67 

2.99 

2.86 
4,57 
9. 5 3 

19.83 
31.79 

3.866 
1 2.880 
38.660 

128.000 
386.000 

1.543 
1.643 
1. 8 57 
1. 9 88 

MF 

1.591 
1.700 
1.915 
2.050 

2. ci 4 
2.46 
3.31 
3. 89 

5,01 

3.81 

l~:~~ 
27.46 
42.S9 

3.866 
12.880 
38.660 

128.000 
386,000 

1.524 
1. 666 
1. 82 8 
1.933(MF) 

MF 

1.571 
1.718 
l_. 8 8 5 
1. 993 

1. 97 
2. 5 2 
3.19 
3. 9 8 

9.9 

6,35 
13 . 79 
23.20 
41.45 
53.69 

3.866 
12.880 
38.660 

128.000 
386.000 

1. 4 38 
1. 53 3 
1.613 
1.699 

MF 

1. 483 
1.581 
1.663 
1. 752 

1. 65 
2.91 
2. 28 
2. 69 

8 

4.45 
8.71 

18.16 
32.55 
52.13 

3.866 
12.880 
38.660 

128.000 
386.000 

1. 40 5 
1. 545 
1.662 
1. 766 

-MF 

1.448 
1.593 
1. 713 
1. 820 

1. 53 
2.05 
2.51 
2.91 



L/D POLYETHYLENE CONTINUED (0701) 


L/D Pxl0- 6 

(dynes/crn 2 ) 

0.954 
1. 8 88 

16 3.179 
5.862 
9.219 

10.810 
22.060 

20 38.140 
68.790 

108.720 

14.300 
28.740 

24.8 4 8 .950 
84.690 

127.160 

1. 270 
2.540 

:to 6.350 
14.620 

'£ xl0- 5 
W · 

(dyn/crn 2 ) 

1. 36 
2.80 
4.51 
7.41 

11.31 

( :': ) Corrected for 

4Q/ir~i 
(Sec ) 

d/D (d/D)~'::B (B4+3__ -3) 
B2 

3.866 
12.880 
38.660 

128.000 
386.000 

1.334 
1.443 
1. 542 
1. 6 3 2 

MF 

1.425 
1.510 
1.589 
1.682 

1. 45 
1. 76 
2. 04 
2. 39 

3.866 
12.880 
38.660 

128.000 
386.000 

1.367 
1. 443 
1.520 
1.600 

MF 

1.390 
1.487 
1.567 
1.649 

1. 33 
1. 67 
1.96 
2.26 

3.866 
12.880 
38.660 

128.000 
386.000 

1.324 
1.400 
1.474 
1. 571 
1. 62 5 

1.365 
1.443 
1.520 
1.620 
1.676 

1. 24 
1. 51 
1. 78 
2.15 
2.36 

3.866 
12.880 
38.660 

128.000 
386.000 

1. 9 85 
2.299 
2.529 
2.735 

2.047 
2'.371 
2.608 
2.820 

3.87 
5.37 
6.60 
7.70 

yw 

(Sec -1 ) 

3.8 {) 0 
17.000 
51.800 

173.100 
894.600 

temperature difference 



-; 

.. 

.. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Low Density Polyethylene 

Mw = 53,500 

M /M = 3.00 
w n 

Temperature = 150°C 

(0118) 

86 

L/D 
Pxl0- 6 

(dynes/cm 2 ) 

T 
w 

xl0- 5 
4Q/irR3 

-1(Sec ) 
d/D d/ D1' (Bi++.?_ -3) 

B2 

1 

1. 80 
4.50 

. 9. 5 0 
5.00 

30. 0 'i 

1. 60 
3.30 
5.10 
6.25 
1. 31 

3.866 
12.880 
38.660 

128.000 
386.600 

1. 533 
1. 815 
2.019 
2.190 

MF 

1.619 
1. 917 
2.133 
2.813 

MF 

2.15 
3.31 
4.26 
5.09 

2.99 

2.6 
6. 5 

12.6 
25.5 
40.2 

3.866 
12.880 
38.660 

128.000 
386.600 

1.436 
1.606 
1.748 
1. 861 

MF 

1.517 
1. 69 7 
1.847 
1.966 

1. 77 
2.44 
3.03 
3. 5 2 

5.01 

4. 5 
9. 8 

17.0 
33.5 
50. 5 . 

3.866 
12.880 
38.660 

128.000 
386.600 

1.396 
1. 520 
1.645 
1. 7 30 

MF 

1. 475 
1.605 
1. 7 38 
1.827 

1. 6 2 
2.10 
2.60 
2.94 

8 

7.1 
13 . 0 
23.1 
43,0 
63.5 

3.866 
12.880 
38.660 

128.000 
386.600 

1.350 
1.459 
1. 5 50 
1.640 

MF 

1.426 
1.541 
1.637 
1. 7 32 

1. 45 
1. 86 
2.22 
2. 5 7 

9.9 

7. 9 
15.4 
27.2 
51. 5 
81. 0 

3.866 
12.880 
38.660 

128.000 
386.600 

1.332 
1. 422 
1.505 
1.590 

MF 

1.407 
1. 502 
1.590 
1. 6 80 

1.389 
1. 71 
2.04 
2.38 

.6 

13.5 
26.0 
89.5 
68.0 

10 8 .• 0 
I 
I 
I 
I 

3.866 
12.880 
38.660 

128.000 
386.600 

1.300 
1.310 
1.447 
1. 524 

MF 

1.373 
1. 383 
1.528 
1. 610 

1. 27 
1.306 
1.81 
2.11 



r.. ow DENSITY POLYET HYLENE (0118) 

Pxl0- 6 
L/ D 4Q/irR 3 


(dynes/cm 2 ) 

15.4 3.866 
28.0 12.880 

20 47,5 38.660 
81. 5 128.000 

129.0 386.600 

18.5 3.860 
34.0 12.800 

24.8 57.0 38.600 
103.0 128 .. 000 
157.0 386.600 

.508 3.860 
2.54 12.800 


"' "1 0 5. 5 3 38,600 

16.84 128.000 
26.16 386.600 

't xl0- 5 
Yww 

(Dyn/cm 2 ) (Sec -1 ) 

1. 80 4.48 
3.14 16.47 
5,09 53.42 
8,08 173.56 

13.80 571. 8 


(l':) Corrected for temperature 

CO NTINUED 

d/D 

1. 28 5 

1. 345 

1.411 
1. 4 89 

l.60C 


l. 282 

1. 3 36 

1.390 
1. 461 

1.563 

1. 79 0 
2.134 
2.410 
2.650 
2.708 

difference 

d/D;':=B 

1. 35 7 

1. 420 

1. 491 

1. 57 3 

1.690 

1.354 
1.411 
1. 468 

1.543 
1.651 

1.891 
2.254 
2.546 
2.799 
2.860 

87 

1/2 
(B4+3._ -3) 

B2 

1.215 
1. 430 

1. 680 

1. 980 

2.410 

1.20 
1. 40 

1. 59 

1. 87 

2.26 

3.21 
4.81 
6.27 
7.66 
8.07 



1/2 

High Density 

M = 69,590
w 

M/M
w n = 4.17 

Polyethylene 

Temperature = 150°C 

L/ D 
Pxl0- 6 

(Dyn/cm 2 ) 
4Q/irR 3 

0 

0 
. 47 

2 .73 
8.26 

16.52 

3.866 
12.880 
38.660 

128.000 
386.000 

1 

.31 
1. 71 
4.45 

10.49 
20.98 

3.860 
12.880 
38.600 

128.000 
386.000 

2.99 

1. 59 
3.49 
8.45 

18.75 
33 .69 

3.860 
12.800 
38.600 

128.000 
386.000 

5.01 

3.05 
6. 3 5 

12.07 
24.79 
43 . 61 

3.860 
12.800 
38.600 

128.000 
386.000 

8 

4.45 
6.35 

14.62 
29 .88 
50.23 

3.860 
12.800 
3 8. 6 00 

128.000 
386.000 

9. 9 

4.45 
10.80 
22.25 
43.23 
74.38 

3.860 
12.800 
38.600 

128.000 
386.000 

(7930) 


d/D 

1.804 
1.986 
2.325 
2.850 
3.430 

1. 571 
1.777 
2.057 
2.453 
2.886 

1. 491 
1. 6 50 
1. 8 30 
2.102 
2.541 

1.448 
1. 59 0 
1.740 
1. 9 70 
2 .3 62 

1.410 
1.523 
1. 69 3 
1. 899 
2.175 

1.390 
1.505 
1. 652 
1. 8 50 

(d/D )~':=B 

1.906 
2.098 
2.456 
3.010 
3.620 

1.660 
1.870 
2.170 
2. 59 0 
3.050 

1. 57 5 
1.740 
1. 930 
2.221 
2.684 

1. 5 29 
1.679 
1.840 
2.080 
2.498 

1. 560 
1.610 
1.788 
2.006 
2.290 

1.468 
1.591 
1.740 
1. 9 50 

88 


( B4+3_ -3) 
B2 

2.65 
4.09 
5. 80 
8.90 

12.99 

2. 29 
3.12 

Q.. 41 

6. 50 
9 .1 5 

1. 99 
2.61 

3,36 

4.65 
6.15 

1. 82 
2. 3 7 
3.00 
4.02 
5 . 30 

1. 93 
2.11 
2.80 
3. 6 8 

4,98 


1. 60 
2.04 
2.61 
3.46 

4,65 . 




1/2 

HIGH DEN S ITY POLYETHYLENE (7930) CONTINU ED 

L/D ' Pxl0- 6 4Q/1TR3 d/D 
(DynJcm 2 ) 

6.99 3.860 1. 3 85 

1 5.26 12.880 1.519 


16 20.88 38.600 1. 6 3 8 

58.49 128.000 1. 80 5 

97.28 368.000 2.000 

12.71 3.860 1. 3 75 

21. 61 12.880 1. 502 


20 38.78 38.600 1.620 

71. 84 128.000 1.774 

120.08 368.000 1. 961 


12.71 3.860 1. 37 5 

25.42 12.880 1. 491 


24. 8 47.68 38,600 1.600 
95.45 128. 0 00 1.740 

157.00 3 6 8.000 1. 9 40 


T xl0- 5 
yww 

(DynJcm 2 ) (Sec -1 ) 

1.11 3.890 
2. 5 4 14.920 

4.97 45.970 
9.13 161.210 

14.68 595.200 

(*) Corrected for temperature difference 

(d/D )~'==B 

1:463 
1. 605 

1.730 
1. 900 

2.112 

1.450 
1. 5 87 

1.710 
1.874 
2.070 

1. 46 8 

1. 57 5 

1.69 0 
1.84 0 
2.050 

89 


(Bl++.?_ - 3) 

2 


B 

1. 58 

2.09 
2. 5 7 

3. 2 5 

4.16 

1. 54 

2.03 
2.49 
3.14 
3.97 

1. 60 

1. 99 

2.42 
3.01 
3.89 
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Polypropylene . 

M = 287,000
w 

(PP-5820) 

Temperature = 180°C 

L/D 
Pxl0- 6 

(Dyn/cm 2 ) 
3 -14Q/irR (Sec ) d/D=B (Bl++~ 

B2 

1/2 
-3) 

0.99 

1. 27 
2.48 

· 4,45 
9,53 

17.80 

3.860 
12.800 
38.600 

1 28.000 
386. 0 00 

1. 472 
1.703 
2.082 
2.533 
3 . 133 

1. 61 
2.47 
4.02 
6.20 
9.67 

5.01 

2.09 
4,57 
8.90 

16.63 
27.33 

3.860 
12.800 
38.600 

128.000 
386.000 

1. 350 
1.514 
1. 716 
2.036 
2.577 

1.16 
1. 76 
2.52 
3. 83 
6.43 

9.9 

3.49 
7. 6 3 

13.98 
25.43 

3.860 
12.800 
38.6QO 

128.000 
386.000 

1. 330 
1.476 
1. 620 
1.880 

1.12 
1. 63 
2.15 
3.17 

16 

13.3 5 
21. 61 
36.87 
58.48 

3.860 
12.800 
38.600 

128.000 

1.300 
1.409 
1. 586 
1.807 

1. 07 
1.39 
2.03 
2.87 

20 

6.99 
14.62 
25.43 

3.860 
12.800 
38.600 

1.300 
1.448 
1.565 

1.016 
1. 53 
1. 9 5 

44.50 128.000 1.794 2.82 
69.29 386.000 

8.90 3.860 1.300 1. 01 
18.43 1 2.800 1. 452 1. 53 

24.8 31.78 38.600 1.575 1. 99 
54.67 128.000 1. 830 2.848 
83.91 386.000 

T x 10- 5 
yww 


2 -1
(dynes/cm ) (Sec )

.83 4.58 


t.57 16. 50 
2 ~ 60 48.60 
4.64 144.25 
6.90 658.90 

f; 
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Polyst y rene Commercial HF-55 

M = 320,000 
w 


M /M = 3.1 

w n 

Temperature = 170°C 

L/D ' 
Pxl0- 6 

4Q/ir!3i (d/D)~'; =B ( B'++~ -3) 
1/2 

(Dynes/cm 2 ) (Sec ) B2 

.318 5. 8 ci 1.640 2. 23 
2.100 19.34 1. 97 5 3. 56

' 0 4.190 58.00 2.361 5.36 
12.080 193.40 -MF 

3.180 5.80 1.485 1.664 
6.420 19.34 1.733 2. 5 8 5 

1 9.920 58.00 2.019 4.060 
19.720 193.40 -MF 

5.090 5. 80 1.382 1.302 
9.92 0 19.38 1. 591 2.048

3 15.65 0 58.00 1. 87 5 3.151 
27.990 193.40 
44.530 580.00 

5.720 5.80 1.330 1.122 
12.470 19.38 . 1. 519 1.787 

5 20.740 58.00 1. 7 5 8 2.770 
34.350 193.40 
52.160 580.00 

12.720 5.80 1.310 1. 0 5 3 
23.280 19.38 1. 470 1. 610 


10 36.000 58.00 1.670 2.340 

54.710 193.40 
76.330 580.00 

17.100 5. 80 1.295 1. 002 
32.820 19.38 1. 457 1. 56 5 

16.l 51.910 58.00 1.626 2.178 
78.880 193.40 

108.800 580.00 

22.900 5,800 1 .291 .990 
42.360 19.380 1. 44 5 1.520 


20 64.630 58.000 1 .606 2.100 

96.69 0 193.400 

130.400 580.000 
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POLYSTYRENE COMMERCIAL HF-55 CONTINUED 

L/D Pxl0- 6 
4Q/'1T~i ( d /D)~'::B 

(Dyn/cm 2 ) (Sec ) 

31. 87 5. 8 0 1.300 1. 019 
53.81 19.38 1. 450 1.540 

24 . 8 79.90 58.00 1.597 2.070 
117.68 193.40 

!59.03 580.00 


.- 5 
T xlO yww 

(Dyn/cm 2 ) (Sec -1 ) 

2.90 (3.05) 5.80 
4.98 (5.09) 28.35 
7.31 84.07 

10.22 (10.32) 341.58 
12.83 (13.30) 681.60 

('l':) Corrected for temperature difference . 
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Commercial Pclystzrene (HT42-l) 
Temperature = 170 C 

1/2Pxl0- 6 
L/D 4Q/1TR 3 (d/D)*=B (B4+~ -3)(Dyn/cm 2 ) B2 

1. 59 5. 80 . 1. 753 2.660 
5.72 19.38 2.076 4,004

0 9. 86 58.00 2.461 5.830 
.19. 0 8 193.80 

4.13 5.80 1. 50 5 1.735 
9,54 19.38 1. 76 2 2.770 

1 17.17 58.00 2.088 4.050 
29.89 193.80 

50,89 580.00 


7.31 5. 8 0 1.379 1.291 
13.99 19.38 1.599 2.080

2. 9 9 22.26 58.00 1. 850 3.050 
3 6 .26 193.80 

14,31 5. 80 1.312 1. 060 
26.08 19.38 1. 47 8 1.640 

8 40.07 58.00 1.659 2.300 
61. 07 193,80 
92.24 580.00 

20.67 5.80 1.320 1. 0 88 
34.98 19.38 1.472 1. 620

9. 9 50.25 58 . 00 1.643 2.242 
73.79 193.80 

28.30 5.80 1.312 1.060 
48.98 19.38 1.441 1.50816.1 70.61 58.00 1.593 2.056 

102.40 193.40 

34.66 5.80 1.310 1. 0 53 
20 58.52 19.38 1.429 1.470 

85.88 58.00 1. 581 2.010 
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CO MMER CIAL POLYSTYRENE (HT42.l) 

L/ D Pxl0- 6 

(Dyn/cm 2 ) 
4Q/'rrR 3 ( d ID)~·:= B 

24.8 

42.30 
71.88 

106.87 
151.40 

5. 80 
19.38 
58.00 

193.80 

1.310 
1.430 
1.593 

l .053 
1.470 
2.056 

T xl0- 5 
w 

( Dyn/ cm 2 ) 
Yw 

-1(Sec ) 

4.13 
6.80 
9.51 

12.70 
17.10 

7.54 
27.03 
98.77 

485.30 
892,80 

(1:) Corrected for temperature difference 
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DATA TO INVESTIGATE TEMPERATURE EFFECT ON 

DIE SWELL OF LOW DENSITY POLYETHYLENE 


Low Density Polyethylene 


M = 53,500

w 

M/M = w n 

T = l50°C 


L/D = 40 


G (pseudo shear rate) Force (lb) Die Swell (d/D)~': 

Sec- 1 

T=l50°C 3. 86 57.3 1.223 
12.80 98.0 1.245 
38.60 160.0 1.291 

128.00 273.0 1.323 
386.00 428.0 1. 37 8 

T=l70°C 3.86 37.3 1.221 
12.80 71. 0 1.243 
38. 60 122. 0 1.297 

128.00 212.0 1.327 
386.00 345.0 1.384 

T=l90°C 3.86 24.3 1.217 
12.80 52.0 1.245 
38.60 72.0 1. 2 55 

128.00 165.0 1.291 
386.00 278,0 1.354 

T=210°C 3. 86 16.3 1.096 
12.80 36, 0 1.100 
38.60 68.0 1.280 

128,00 126.0 1.315 
386.00 218.0 1.374 

· (*) Corrected for temperature difference 
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